rhabditis elegans can form an SC and segregate chroConclusions: Our results suggest that widespread inmosomes in the absence of recombination. teractions along the euchromatin are required for the In some organisms, meiosis can take place in the initiation, but not the maintenance, of meiotic pairing of absence of recombination, synaptonemal complex forautosomes in male Drosophila. We propose that heteromation, or both [9]. The mechanisms of chromosome chromatic associations, or chromatid entanglement, pairing and segregation in such organisms are not well may be responsible for the maintenance of homolog understood. In Drosophila females, the small fourth association during late G2. Our data also suggest that chromosome never recombines, while the X chromothe formation of chromosome territories in the spermasome recombines only 90%-95% of the time. Genetic tocyte nucleus may play an active role in ensuring the studies using either natural chromosomes carrying duspecificity of meiotic pairing in late prophase by dis- 
nisms related to those present in Drosophila achiasmate results suggest a three-step model for meiotic pairing in male Drosophila. meiosis might be used in humans as a backup in case of recombination failure [13] .
In Drosophila males, meiosis occurs in the absence Results of recombination [14] or formation of a detectable synaptonemal complex [15, 16] . Pairing is critical for correct Tracking Chromosomes Live in the Male segregation during male meiosis, as sex chromosomes Drosophila Germline deleted for the rDNA locus both fail to pair and show a
We used the GFP-Lac repressor/lac operator system high degree of nondisjunction [17] [18] [19] . Genetic analysis to label specific chromosomal loci in live, developing of the sequences required for proper chromosome segspermatocyte nuclei [40] . A nuclear green fluorescent regation has revealed the presence of at least two differprotein-Lac repressor fusion protein (GFP-Lac I) was ent segregation systems in male Drosophila. Pairing of expressed in the male germline and was used to label sex chromosomes requires specific sequences from the an array of lac operator (lacO) sequences integrated at rDNA gene repeats present in the heterochromatin of the specific chromosomal locations ( Figure 1A) . Transgenic X and Y chromosomes [20] [21] [22] . Pairing of autosomes, on Drosophila lines heterozygous for a single autosomal the other hand, appears to require multiple regions of insert on chromosome 2 showed one spot of fluoreshomology in the euchromatin [23] . The existence of difcence in mitotically dividing spermatogonia (cysts with ferent segregation systems in males is also supported 2-8 nuclei), and young spermatocytes (cysts with 16 by the isolation of mutants that alter the segregation nuclei). In lines carrying multiple inserts, either on the of specific chromosomes [24] [25] [26] . With a few notable same or different chromosomes, a corresponding numexceptions, mutations that affect chromosome segregaber of GFP spots was present, indicating the lack of tion in females do not affect segregation in males, and ectopic interaction between lacO inserts (Figures 1B, vice versa [27] . This finding suggests that distinct mech-1J, and 1K). The spots were visible in all identifiable anisms are present in the two sexes.
germline nuclei but were absent in somatic cyst nuclei, Classic cytological studies of meiosis in male Drodue to the lack of expression of GFP-Lac I in these cells. sophila have shown that homologous chromosomes are Spots, however, could also be detected in other tissues paired in the prometaphase to anaphase stages of meioand cell types by using appropriate GFP-Lac I-expresssis I [28-33], and possibly also in mitotically dividing ing lines (data not shown). In a minority of nuclei (Յ5%), spermatogonia [28] . Autosomes, for instance, appear two spots could be detected in close proximity to each aligned along their entire length in metaphase squashes, other (Յ0.5 m). Such unpaired loci were present in with the four chromatids assuming a parallel orientation. spermatogonia and young spermatocytes. However, we The X-Y chromosome pair, on the other hand, is connever found cysts with unpaired sister chromatids in nected at discrete sites ("collochores") located at wellmore than a few nuclei. These observations suggest defined locations in the pericentric heterochromatin occasional transient local separation of sister chroma- [31] . Surprisingly, these sites do not seem to correspond tids in G2 or nuclei in the process of chromosome replito the rDNA pairing sites identified in genetic studies.
cation. This finding suggests that different mechanisms may be responsible for the establishment and maintenance of Homologous Chromosome Pairing in meiotic chromosome pairing. The study of meiosis in Spermatogonia and Young Spermatocytes Drosophila females has greatly benefited from the use of In lines homozygous for a single lacO insert, a single electron microscopy techniques [34] and, more recently, fluorescent spot was present in approximately half of the from the development of in situ hybridization methods nuclei in spermatogonia and very young spermatocytes that preserve the three-dimensional organization of the (Figures 1D-1F ; note that these two stages cannot aloocyte nucleus [12] . The early stages of male meiotic ways be reliably distinguished in our assay). Furtherpairing, on the other hand, have been notoriously resismore, we rarely observed nuclei with more than two tant to cytological analysis [33] . Both conventional light spots, consistent with tight association of sister chromamicroscopy and electron microscopy approaches, for tids. The results indicate that homologous chromoinstance, are unable to resolve individual chromosomes somes are paired in a substantial fraction of interphase during early prophase [35, 36] , and in situ hybridization spermatogonia and in the very early stages of spermatomethods similar to those developed for female meiosis cyte development. have not been described.
Young spermatocytes can be recognized by their Here, we report the use of a live cytological approach larger nuclear size compared to spermatogonial nuclei to address the dynamics of homologous chromosome and by various cytological features readily observable pairing during male meiosis in Drosophila. The GFP-Lac by differential interference contrast microscopy. In repressor/lac operator system [37, 38] was used to mark young spermatocytes, both sister chromatids and hoa variety of euchromatic sites, while centromeres were mologous chromosomes were paired ( Figures 1H, 1J , detected with a CID-GFP fusion protein [39] . This apand 1K). Occasionally, sister chromatids could be reproach allowed for the direct observation of chromosolved ( Figure 1K ). The frequency of paired homologs somes with a high degree of spatial resolution, at all at this stage was greater than 95%, considerably more developmental stages, in live, unperturbed spermatothan in spermatogonia. The results suggest that homolocyte nuclei. We found complex patterns of homologous gous chromosomes pair very early during spermatocyte chromosome pairing that are coordinated with changes of nuclear organization during meiotic prophase. The development, possibly during, or shortly after, the last . The patterns of pairing observed during early meiotic prophase could also indicates the presence of unpaired homologous centromeres. This is in contrast to the virtual absence therefore be unrelated to the actual meiotic process. We sought to determine whether de novo pairing of of unpaired euchromatic loci at these same stages.
The variable number of spots in early stages (Figures homologs or sister chromatids occurs in the spermatocyte nucleus in prometaphase. In male Drosophila, mei-5A and 5B) gave rise to four spots in early stage S3, with one spot present in each newly formed chromosome osis is relatively short compared to the length of the complete spermatocyte developmental cycle (about 3-4 territory ( Figure 5C ). As spermatocyte development continued, each CID-GFP spot appeared to duplicate, hr versus 80 hr), and cysts in the process of meiosis are relatively rare. To capture these rare events, cysts were giving rise to nuclei with eight spots, two per chromosome territory (Figures 5D-5G) . The results indicate that cultured in vitro under the microscope, and time-lapse images of mature spermatocytes were collected as they the exclusive pairing of homologous centromeres is achieved only in early stage S3, soon after the formation underwent meiosis (Figure 6 ). Meiotic prophase in male Drosophila is not well defined. However, spermatocytes of chromosome territories, and coincides with, or shortly follows, the extensive unpairing of euchromatic regions. undergo visible morphological changes as they prepare for meiosis [36, 44] . For instance, mature spermatocytes The results suggest that formation of chromosome territories may disrupt the nonhomologous heterochromatic are characterized by large, irregular nuclei of ‫61-41ف‬ m diameter that become round ‫41-21ف(‬ m diameter) associations observed in young spermatocytes. In late G2, homologous centromeres were always separated, at prometaphase. In our lines, the predominantly nuclear GFP-Lac I protein disperses within the entire cell as the suggesting local unpairing of homologous chromosomes over a sizeable portion of the pericentric heternuclear envelope breaks down when nuclei approach Our results confirm that pairing of homologs takes however, appeared to take place between nonhomologous chromosomes, as indicated by the large percentplace in spermatogonial interphase nuclei. Furthermore, homologs were paired in the earliest stages of spermaage of nuclei with less than four CID-GFP spots. This situation is reminiscent of chromocenter formation in tocyte development. The virtual absence of unpaired chromosomes suggests that pairing is very efficient, somatic cells. These results altogether suggest that, in early spermatocyte development, homologous interacstable, and occurs very early in spermatocyte nuclei, possibly as early as anaphase of the last mitotic gonial tions are restricted to euchromatic regions of the autosomes, while heterochromatic regions interact nondivision, as suggested by Metz [28]. Although these early specifically. The findings are consistent with a role of are unknown. The location of these territories just underneath the nuclear envelope suggests that chromosomeeuchromatin in the initiation of autosomal meiotic pairing in male Drosophila and are in agreement with earlier nuclear envelope attachments may play a role in territory formation. This hypothesis is further supported by our genetic studies [23, 47] . observation that, in late G2, GFP-tagged loci often appear in close proximity to the nuclear surface (data not Sorting shown). Our studies on chromosome motion in spermaIn mid-G2, spermatocyte chromatin separates into three tocytes also suggested tethering of the chromatin fiber distinct clumps. In prometaphase, each clump appears either to the nuclear envelope or to other internal structo condense into a set of paired homologous chromotures [40] . Therefore, the separation of bivalents into somes, suggesting that each clump corresponds to a territories could be the result of the stable attachment chromosome territory containing one set of paired hoof the chromosomes to sites on the nuclear envelope mologs. While a single mechanism has generally been (or some other internal nuclear structure), followed by thought to account for continuous homolog pairing durnuclear expansion. How such a mechanism would ening spermatocyte development, our results clearly show sure that paired homologs are specifically recognized that euchromatic regions abruptly separate soon after and segregated remains to be determined. the formation of chromosome territories in mid-G2. Surprisingly, the separation affected not only homologous Maintenance chromosomes, but also sister chromatids. Furthermore, While the associations along the euchromatic autososister chromatids appeared to separate individually from mal arms and at the centromeres are disrupted after the bivalent. This observation suggests either a common the formation of chromosome territories, homologous mechanism for homolog and sister cohesion or a single chromosomes remain in close physical proximity within mechanism for cohesion release between both sisters each territory during late spermatocyte development. and homologs.
Similarly . In Drosophila, the barren product is also required for sister separation and possibly acts by regulating point, would occur relatively early during spermatocyte development. Separation, however, could also simply topoisomerase II function [56] . It has been proposed that chromosome replication produces highly entangled reflect a lack of cohesion in the adjacent heterochromatin.
sister chromatids and that resolution of such tangles by topoisomerase II might require chromosome condensaWe propose that the formation of chromosome territories in stage S3 may provide a sorting mechanism that tion or the tension generated by the spindle at anaphase [57] . In spermatocyte nuclei, entanglement could also be segregates individual bivalents into physically distinct domains. Such a sorting mechanism may ensure that the the result of sustained diffusive motion of chromosomes during the early stages of spermatocyte development association between homologs, established in young spermatocytes through euchromatic interactions, per- : 1F, 28C-E, 28E, 50F, 52-54, 53-54, 54A,  57A, 57C, 60A-B, 60F, 67B-D, 79B-D, 100D-F pairing sites ("collochores") map to specific heterochromatic sequences in the X and Y chromosomes that are
